Cu-Al-Ni single crystals with composition 82.6Cu-13.4A1-4Ni (wt%) were heat treated at 800°C for 30 rnin and subsequently water quenched to room temperature. The samples with 3 mm diameter and length between 100 and 200 mm had a longitudinal orientation close to the [001] direction of the P-phase at high temperature. The martensite start temperature after the initial heat treatment was MS=93"C. Training was performed by loading the sample above Af, followed by cooling undcr constant load. After removal of the load the sample was heated to recover its original shape. Repeating this cycle several times introduces the two-way memory effect. Several strains involved in the process were measured. It was found that a large residual deformation (RD) persisted after cycling between the training temperatures. Most of this residual deformation was recovered by overheating the sample. The non recoverable residual strain was observed to increase with increasing load. From the overheating experiments and differential scanning calorimetry measurements, it becomes evident that the total residual deformation is due to two contributions: the stabilisation of martensite and a plastic deformation.
INTRODUCTION
As a high temperature shape memory alloy, much attention has been paid to Cu-AI-Ni: effects of heat treatment on the transformation, mechanical behaviour [l], precipitation [2] and thermal stability [3, 41. Although there have been several studies on the two way memory effect [5, 61 , there is still a lack of data, especially with respect to the development of the two way memory effect (TWME) during training, and the stability of the shape memory effect. The present paper describes the stabilisation of martensite during shape memory training in Cu-Al-Ni single crystals. The work mainly concentrates on the residual deformation (RD) and overheated trained samples. The thermomechanical cycling of the alloy, the relationships of stress assisted transformation effect (SATE) and the two way memory effect (TWME) are also presented.
EXPERIMENTAL
Thermomechanical cycling was performed with the testing apparatus described in the reference [73, for such apparatus can supply uniform training routines to obtain training results independently of sample geometry and thermal dilatation of the apparatus parts. An uniaxial tensile stress is applied on the sample. The load precision is 1 N. C2-182 JOURNAL DE PHYSIQUE IV 2pm. The temperature precision is controlled at 0. 1°C. The data (time, temperature, stress and strain) are sampled, logged and processed by a PC-AT computer. The alloy studied has a nominal composition of 82.6Cu-13.4A1-4.ONi (wt%). Single crystals have been produced by the Stepanov method and purchased at ALKOR Cie. in St. Petersburg. Samples for thermomechanical cycling are 3 mm in diameter and 100-200 mm long. The long side of the sample is close to the [OOl] direction of the P-phase at high temperature. Previously to the training process all the samples were heat treated 800°C for 30 min and subsequently water quenched to room temperature (W.Q.). After this homogenisation process, the transformation temperatures measured by D S c are: MS=93"C, Mp=84"C, Mf=5g0C, AS=76"C, Ap=97"C and AF108"C, where the sub indexes S, p and f indicate, respectively, the start, peak and end of the recorded DSc curve during the transformation. Figure I shows the general thermomechanical cycling procedure used [7] . The subscripts in the text correspond with the positions indicated in this figure. Training was performed by loading the sample above Af (A-B), followed by cooling under constant load (B-C). After removal of the load (C-D), the sample was heated to recover its original shape. For the general training cycle, TA=136"C, Tc=48"C, and the heatinglcooling rate was 6°C per min. Each training cycle (A-B-C-D-E) was followed by a thermal cycle to investigate the two way memory behaviour (E-F-G). In this paper several strain definitions, during and after the training process, are used following those in [7] . They are summarised in figure 2. Note that the one way memory effect is directly related to the SATE, the term TWME is the spontaneous shape change from a "hot" austenite shape to a "cold martensite shape; and the term RD is the residual deformation of the austenite shape. with marking of the most important terms used in the procedure used during the training [7] text; TWME: two way memory effect; SATE: stress assisted transformation effect; R . : residual deformation of the austenite shape; TWMS: two way martensite strain; SAMS: stress assisted martensite strain 3 .4% at the 9th cycle. Thus, the TWMS saturation level increases with increasing training stress while also the corresponding cycling number increases. This evolution of the TWMS value is a direct consequence of the evolution of the residual strain /fig 21, which will be described in the next section. It has also been observed that the TWME increases linearly as a function of the training stress, figure 5 . Training stress (MPa) Figure 5 . Residual deformation (RD) and TWME vs. training stress
Stabilisation and Residual Deformation
Attention should be paid to the change of the residual deformation in figure 5 . A large residual deformation (RD) persists after 14 training cycles when the training stress is above 24.0 MPa, and the RD increases with training stress. After the samples were trained 14 cycles with different stresses between 48 and 136"C, they were overheated up to 178°C and then cooled to 45"C, figure. 6(a) . The residual deformation was recovered nearly completely by overheating. However, the TWIvE was not improved even after a second overheating cycle. By comparing the shape change of the 14th training cycle / fig. 6 (b)/ with its overheating curve / fig. 6(a) /, it can be seen that the broadness of the two way memory hysteresis curve becomes smaller after overheating (86-105"C), compared with that of the 14th training cycle before overheating (78-134OC). The effect of overheating has also been investigated by D S c (DuPont 2100) for two specimen cut out from a sample trained for 14 cycles with a stress of 72.2 MPa. An example is shown infigure 7. During the first heating cycle, from 50" to 178°C and at a heating rate of 6"C/min, there is only one sharp exothermal peak at 166°C (without normal reverse transformation peak). However, during the second cycle (represented as 2" infigure 7), it is shown that the sharp exothermal peak has disappeared, and there is only one exothermal peak which lies between 84' and 98.5"C. The obtained exothermal peak position corresponds quite well with that of the original one (800°C 30 min, W.Q., D S c 2nd heating). The heat exchange measured for both reverse transformations is nearly equal, about 10 Jlg. The results obtained from both thermomechanical overheating experiments and D S c measurements indicate that the recovery of residual deformation during overheating results from the recovery of the retransformation of stabilised martensite. This kind of stabilised martensite is formed during thermomechanical cycling. Thus, the RD after 14 cycles consists of two parts:
where RDSmb is caused by the stabilisation of martensite, and RDplaS is caused by plastic deformation during the thermomechanical cycling with large stress. RDplas is a non-recoverable residual deformation. Figure 8 shows the relationship between RDtod, RDSmb and RDplas. The RDSmb is nearly constant, 2.8%, for training cycles other than the initial ones, when the training stress is larger than 50 MPa. Such a RDSab can be considered as the saturating stabilised martensite strain for the studied single crystal. A training stress larger than 50 MPa can induce a large amount of plastic deformation during thermomechanical cycling and it increases with training stress. Infigure 9 is presented the evolution of the total residual deformation as a function of the stress and for different training cycles. It is interesting to notice the decrease in the total plastic deformation during the first training cycle for stress values above 50 MPa. This decrease is related with a smaller contribution of the term RDStab. Thus, for this alloy composition and crystal orientation, an increase in the plastic deformation during training has the effect of decreasing the amount of residual deformation due to the stabilisation of the martensite in the initial cycle. This effect could be due to either an effective decrease in the amount of stabilised martensite or to a directional strain effect in the measured direction.
Training stress (MPa) Training stress (MPa) * The total residual deformation, up to the present maximum stress (72.2 MPa), RDtod, increases with the number of training cycles and the applied stress level, but for the initial training cycles. In this case the RDtod first increases until a maximum and then decreases for increasing values of the applied training stress. The decrease in RDmd is due to a decreases in the term RDShb, whereas the term RDplas continuously increases with increasing applied stress, especially above 50 MPa. So, during the first training cycles and for this specific single crystal composition and orientation, an increase in plastic deformation hinders the residual deformation due to the stabilisation of the martensite.
